Extreme wind event in November 2004 caused spacious destruction of slope forests in the Tatra National Park, Slovakia. Relevant changes of land cover motivated researchers to investigate damaged forest ecosystem and its response to different environmental conditions. Surface ozone (O 3 ) is a minor but not negligible compound of the ambient air. Control strategies for the reduction of O 3 precursor emissions have been applied in Europe during the last two decades. In spite of these reductions, air quality indices for O 3 suggest that highland sites are more vulnerable to health and environmental risk than lowlands where mostly emissions from road transport and industry are produced. Temporal interpolation shows evident changes of O 3 concentrations, especially ~30% increase for night hours in spring season and on the contrary ~15% decrease for daylight afternoon hours in summer season. Statistically significant changes were identified for spring months (April and May, 0-6 hours) and summer months (July,(12)(13)(14)(15)(16)(17)(18)(19)(20). Increasing O 3 values in the night may be associated with the absence of BVOC for ozonolysis reaction that is one of the mechanism for O 3 depletion. On the other hand, the decline of daylight O 3 values in summer suggests lower O 3 production via photochemical mechanism.
IntroductIon
Although surface ozone (O 3 ) is a minor component of ambient air, it also represents a key marker of secondary air pollution. Secondary pollutants are formed in the troposphere due to the transformation of primary emissions from variety of anthropogenic and natural sources. Tropospheric O 3 is produced by the photochemical oxidation of primary emissions including carbon monoxide (CO), methane (CH 4 ) and nonmethane hydrocarbons (NM volatile organic compounds) in the presence of nitrogen oxides (NO x ). Globally, the projection of air quality (Stocker et al. 2013 ) estimates reduction of O 3 background associated with climate change. However, expected high CH 4 levels can offset this decrease, raising O 3 background by year 2100 on average by about 8 ppb (25% of current levels) relative to scenarios with small CH 4 changes. Airborne pollutants, such as O 3 , CO, NO x and aerosols (solid or liquid particulate matter), contribute to the deterioration of air quality. Exposure to such pollutants exacerbates respiratory and cardiovascular diseases, harms plants and damages buildings. There is strong evidence that tropospheric O 3 has also a detrimental impact on vegetation physiology, and therefore on its CO 2 uptake. This reduced uptake leads to an indirect increase in the atmospheric CO 2 concentration.
Complex chemistry, dynamical meteorological conditions and climatic variability significantly affect unstable balance between O 3 production and decomposition. Relevant decrease of emissions from road transport sector has been achieved in Europe during last decades; however, the occurrence of extraordinary O 3 events during extreme heat waves indicates vulnerability to air pollution health effects (Fiala 2003) . In addition, the long-range transport of polluted air masses suggests larger O 3 burden for highlands than for lowlands through a larger part of the emissions from transport and industry is produced in the lowlands. Longterm O 3 exposure that exceeds air quality indices such as SOMO 35 or AOT 40 may pose health and environmental risks, especially for highland regions in Europe (Bičárová et al. 2013) .
Science Policy Report (Fowler et al. 2008 ) focused on the issue of ozone air pollution in the 21 st century includes several recommendations. One of them is to establish long-term field studies for the assessment of the combined effects of O 3 , elevated CO 2 , climate change and other environmental stressors both on species of economic importance and on a range of natural and seminatural ecosystems to improve the evidence base of O 3 effects on plant productivity, important crop and forest species and biodiversity.
Cooperative Programme for Monitoring and Evaluation of the Long-range Transmission of Air Pollutants (EMEP project) represents European base for international cooperation in possible solving of transboundary air pollution problems. After Slovak Republic became a part of EMEP, O 3 monitoring station at Stará Lesná was included to the EMEP monitoring network (1991) . Ozone data obtained at EMEP monitoring station Stará Lesná during the period from 1992 to 2013 represent the longest time series of O 3 measurements in Slovakia.
In November 2004, extraordinary windstorm caused considerable damages in the region of High Tatras. The windstorm strongly damaged almost one third of forested area -approximately 12 600 ha from total 46 000 ha of forest vegetation of the Tatra National Park (Fleischer, 2011) . Forest vegetation is an important natural source of Biogenic Volatile Organic Compounds (BVOC) such as isoprene and monoterpenes that play a significant role in the tropospheric photochemistry, especially in suburban and rural locations (Chameides et al. 1992) .
The aim of this paper is to evaluate the variability of O 3 concentrations at EMEP station Stará Lesná for the period 1992-2013 and to investigate O 3 changes in association with the decreasing amount of local BVOC precursors from forest vegetation after windstorm in 2004.
MAterIAl And Methods

EMEP monitoring station Stará Lesná
EMEP air quality monitoring station at Stará Lesná is situated at the foothills of the High Tatra Mts. (49°09´N, 20°17´E, 810 m a.s.l.), near the Slovak-Polish border ( fig. 1) . It is the background area without industrial sources surrounded mostly by forests and pastures. From the northwestern site it is enclosed by main mountain ridge with dominant peak of Lomnický štít (2635 m a.s.l.) and Skalnatá dolina valley. At the southeastern site it is opened to the Popradská kotlina basin. 
Windstorm in the High Tatras in 2004
Standard wind measurements at meteorological observatory Stará Lesná (2000 Lesná ( -2013 show that prevailing winds blow predominantly from SSW (South-Southwest) direction on the lower southern slopes in the High Tatras. Mean hourly wind speeds fluctuated around 2.1 m s -1
. Nearly 80% of wind speed data ranged between 0 and 4 m s were recorded at meteorological station Stará Lesná between 15 and 18 hours of CET. Enormous power of this wind caused damage of large forested area on the lower southern slope of the High Tatras.
Changes of BVOC after forest destruction in 2004
The measurement and modelling of BVOC are essential for understanding regional and global atmospheric chemistry, carbon cycles and climate. Emissions modelling systems (GLOBEIS, ENVIRON) and other global models of tropospheric chemistry (GEOS-CHEM) incorporate the algorithm developed by Guenther et al. (1993) . Emission rates are a function of land cover and environmental conditions which are characterised from user-supplied data using the most updated emissions algorithms (Guenther et al. 1999a,b) . Estimations of BVOC emissions for the High Tatras region before and after devastative windstorm using BEIS2 series of GLOBEIS model show decrease of BVOC emissions in the range 53-59% that is adequate to 59% reduction of forest vegetation area (Bičárová and Fleischer 2006 . Concerning hourly maxima substantially higher values ~300 µg m -3 occurred at Slovak urban stations during the heat wave 2003 due to enormous O 3 production and weak dispersion conditions. However, daily O 3 concentration at rural stations was higher than at urban stations in Slovakia during this heat wave event (Bičárová et al. 2004) . In urban areas, daily O 3 concentrations may be lower than the rural ones due to chemical feeding by local NO. In the suburbs and further downwind of large cities where local NO x emissions are lower the formation generally dominates over depletion and elevated O 3 levels are found as a consequence of this process (Louka et al. 2003) .
Seasonal O 3 changes
The course of monthly O 3 means at Stará Lesná ( fig. 6 ) shows primary maximum in spring (88 µg m -3 in April) and secondary one in summer (69 µg m -3 in August). The primary maximum is associated with convenient photochemical conditions (positive changes in sunshine duration and UV radiation, increase of air temperature, decrease of relative humidity) and the abundance of O 3 precursors (NO 2 and NO 3 ) accumulated in winter aerosols (Bičárová and Fleischer 2004) . Summer maxima appear to be related to special O 3 production influenced by the transport of abundant O 3 precursors over Europe in unusual warm weather situation (Bičárová et al. 2005) . Changes of O 3 were investigated using hourly O 3 data averaged over the period before (O 3 _avg92-04) and after (O 3 _avg05-13) windstorm in 2004. The Kriging interpolation (Surfer software) of differences between O 3 _avg92-04 and O 3 _avg05-13 shows changes in O 3 production, especially for night (increase) and daylight (decrease) hours ( fig. 8 ). Larger increase (more than 30%) was identified for night and early morning hours (0-6h) from April to May after 2004. Moreover, approximately 10-20% increase for late autumn and winter seasons (Oct-Feb) was also noticed. On the other hand, decrease down to -15% in spring and summer seasons indicate lower photochemical O 3 production during daylight hours.
Statistical analysis (Statgraphics software) indicates significant relations between O 3 concentrations before and after windstorm for two selected time periods: (1) from April to May in hourly interval from 0 to 6 hours; (2) for July in hourly interval from 12 to 20 hours. The output (tab. 2) shows the results of fitting a linear model to describe the relationship between O 3 _avg92-04 and O 3 _avg05-13. Since the P-value in the ANOVA table is less than 0.05, there is a statistically significant relationship between O 3 _avg92-04 and O 3 _avg05-13 at the 95.0% confidence level for both periods.
The R-Squared statistic indicates that the model as fitted explains 56.5716% and 90.1283% of the variability in the first case (1) and second one (2), respectively. The correlation coefficient equals 0.752141 indicating a moderately strong relationship between the variables for selected spring period and relatively strong relationship between the variables covering part of summer period. The standard error of the estimate shows the standard deviation of the residuals to be 3.47302 (1) and 2.8436 (2). These values can be used to construct prediction limits for new observations by selecting the Forecasts option from the text menu. Figure 9 includes plots of fitted models (left) and comparison of O 3 courses for considering periods (right) that illustrate significant changes of O 3 found after windstorm in 2004.
The troposphere is the oxidizing environment where oxidant agents such as O 3 , hydroxyl radical (HO x ) and hydrogen peroxide (HO 2 ) remove several air pollutants (NO, CO, CH 4 ). Key role in O 3 formation plays nitrogen oxides (NO x = NO + NO 2 ). The mere presence of NO x does not lead to an increase in O 3 concentrations. Reaction scheme of O 3 formation includes cyclic sequence (1-4) resulted in zero O 3 production balance. The accumulation of O 3 occurs in a polluted environment where the oxidation of NO to NO 2 mediates particularly oxidizing radicals through reactions (5-9).
VOC both from anthropogenic and biogenic sources produce various types of oxygenated hydrocarbons (carbonyl) and the other radicals via ozonolysis mechanism (10-12) where O 3 is consumed during daylight and night hours alike.
The mechanism of the reaction of ozone with olefins is carried out in several steps (10), which run through the formation of the unstable primary ozonide (10) Reactive OH and HO 2 radicals occur via the formation of a vibrationally excited unsaturated hydroperoxide (11-12) during the ozonolysis of 2-butene (Niki et al. 1987) . (11) (12) Although the general mechanism of the reaction of O 3 with long chain alkenes chain (1-butene, trans-2-butene, 2-methylpropene, a-pinén, 2,3-dimethyl-2butén, isoprene) is not completely clear, higher production of OH radicals is estimated in comparison with the short chain alkenes (Paulson and Orlando 1996) . Reaction mechanisms presented above describe key processes of formation and depletion of O 3 in the troposphere. Natural volatile organic compounds emitted from forest vegetation play a considerable role in these processes. Since O 3 is formed from the photochemical oxidation of VOC s in the presence of NO x , the inclusion of BVOC emissions enhances its formation, especially in VOC-limited regions. Daily average maximum 8 h ozone (Max8hrO 3 ) mixing ratio due to the inclusion of BVOC emissions is up to 23% higher (Tagaris et al. 2014) . BVOC consumption undergoes chemical oxidation through ozonolysis is important with respect of HO X (OH and HO 2 ) and RO 2 radicals in remote areas and for secondary organic aerosol (SOA) formation (Ziemann and Atkinson 2012) . Myrcene is one of the major monoterpenes in the emissions from coniferous forests. The results of chamber experiments indicate the formation of hydroxyacetone as a direct product of the myrcene reaction with O 3 with a molar yield of 17.6% (Böge et al. 2013 
